Mycobacterium marinum is the causative agent for the tuberculosis-like disease 34 mycobacteriosis in fish and skin lesions in humans. Ubiquitous in its geographical 35 distribution, M. marinum is known to occupy diverse fish as hosts. However, information 36 about its genomic diversity is limited. Here, we provide the genome sequences for 15 M. 37 marinum strains isolated from infected humans and fish. Comparative genomic analysis of 38 these and four available genomes of the M. marinum strains M, E11, MB2 and Europe 39 reveal high genomic diversity among the strains, leading to the conclusion that M. 40 marinum should be divided into two different clusters, the "M"-and the "Aronson"-type. 41
Mycobacteria/ Genomics/ Mycobacterial phylogeny/ 28 29 30 31 32 discussion). No tRNA genes were predicted within any of the rRNA operons. Depending 118 on strain, we also predicted the presence of 45 to 74 non-coding (nc) RNA genes (Table  119   S1 ). 120
Whole genome alignment for the 19 genomes suggested that the genomes are well 121 conserved without major genomic rearrangements (Fig 1c) . However, genomic variations 122 were apparent in two genomic regions, the "1.5-2 Mb" and "3.5-4.5 Mb" regions, in all the 123 strains. A likely reason for this variation is the presence of different phage sequences in 124 these regions. For example, the M strain carries a fragment in the 1.4 Mb region, which is 125 conserved in E11, MSS4, and KST but absent in the other strains. Similarly, CCUG, 126 NCTC2275, DSM44344 and DSM43519 have two conserved prophages located at 4.3 Mb 127 and 4.7 Mb. The DSM43518 strain was predicted to have three prophages. Two of these 128 (located at 4.5 Mb and 5.5 Mb) were also detected in two other strains, the "4.5 Mb-phage" 129 in Davis-1 and the "5.5 Mb-phage" in VIMS-9 (Fig 1c) . Moreover, two inversions were 130 detected in the Europe genome and one of these covers nearly 5.5 Mb. Genome alignment, 131 however, suggests that this inversion is likely the result of scaffolding of the contigs. 132
With the exception of DE4381 and DE4576, the 15 new Mma genomes were predicted to 133 have plasmid sequences (Table S2; see Methods) . Additionally, no plasmid was present in 134 the MB2 and Europe strains, while CCUG and 1218R harboured complete circular 135 plasmids encompassing 127 kb and 130 kb, respectively. For the draft genomes, 136 DSM43519 was predicted to have the largest plasmid of 181 kb encoding 161 genes. The 137 average GC-content for the plasmid scaffolds is 63.9%, which is lower than for the 138 chromosomal sequences (see above) and the plasmid present in the M strain (67.9%). 139
Plasmid alignment revealed that plasmids/ plasmid sequences could be grouped into four 140 types: (I) CCUG, NCTC2275, DSM43519, VIMS-9, DSM44344, Davis-1 and 1218R carry 141 the same plasmid, which is similar to the plasmid present in E11, (II) present in MSS2 and 142 MSS4, (III) BB170200 and DL240490 have similar plasmid fragments and the sequences 143
show high similarity compared to the pMUM003 plasmid previously reported to be present 144 Mma DL240490 (Pidot et al. 2008 ; see discussion), and (IV) pMM23 is present only in the 145 M strain (Fig 1d; Stinear et al. 2008) . Interestingly, the type (I) plasmid carries genes 146 encoding for two secretion systems, type IV and type VII, where the type VII genes show 147 high homology to the ESX-5 category. The significance of the presence of these genes 148 remains to be studied but noteworthy, ESX-5 has been suggested to be associated with 149 slow growing pathogenic mycobacteria and to have an impact on virulence (Gröschel et al. 150 2016; Bosserman and Champion 2017) . 151 6 152 Average nucleotide identity revealed two distinct M. marinum strain clusters 153
The average nucleotide identity (ANI) value, which is useful for discriminating between 154 species and strains (Richter and Rosselló-Móra 2009) , was calculated pairwise for the 155 homologous regions in the 19 Mma genomes and the two phylogenetically closest 156 neighbours M. ulcerans and Mycobacterium liflandii. Although the ANI values for any 157 pairs are higher than 97% (Fig 2a) , hierarchical clustering on the basis of the ANI values 158 resulted in two clusters: cluster I including the M, DE4576, MB2, DL240490, BB170200 159 and MSS2 strains while cluster II encompasses the remaining strains including E11, 1218R 160 and CCUG (Fig 2a and b) . Strains belonging to cluster II show significant similarity 161 (>98.5% ANI score), while for cluster I strains the ANI scores range from 97 to 99%. We 162 interpret this difference to reflect higher genomic diversity among cluster I members. 163 Including M. ulcerans and M. liflandii revealed high ANI scores comparing either of these 164 two species with several of the strains in cluster I, e.g., ≈99% comparing M. liflandii and 165 BB170200 or DL240490. Hence, it appears that M. ulcerans and M. liflandii are 166 evolutionarily closer to cluster I strains than to cluster II members. In summary, Mma 167 strains can be grouped into two clusters, albeit that all the ANI scores are high and above 168 species threshold (97%; Richter and Rosselló-Móra 2009) . 169 170 Cluster I and II pan-genome and core-genome sizes are different 171
The pan-genome includes all genes identified in all members of a species while the core-172 genome represents the set of genes present in all species members (Lapierre and Gogarten 173 2009 ). We used power law regression analysis and 174 = !"# ! !"# + !"# (eq. 1) 175 to model the distribution of the pan-genome where y = pan-genome size, x = number of 176 genome, !"# , !"# and !"# are fitting parameters. Similarly, the core genome was 177 modelled using 178 = !"#$ ! !"#$ ! + !"#$ (eq. 2) 179 where A core , B core and C core are fitting parameters and x = number of genome. Calculation of the pan-and core-genomes for cluster-I and cluster-II members revealed 189 that cluster-I strains share 85% of their genes while any six cluster-II members share 89% 190 (for a reliable comparison we analysed any six cluster-II strains since only six strains 191 belong to cluster-I). Moreover, pan-and core-genome curves for cluster-I are slightly more 192 separated than the corresponding curves for genomes belonging to cluster-II, suggesting 193 modestly higher genomic variation among cluster-I strains compared to cluster-II members 194 using ISsaga (IS-semi automated annotation; Varani et al. 2011 ). Subsequently, we 202 predicted the copy number and distribution of these IS elements in the draft genomes using 203 raw reads (see Methods); the number of IS elements of each type is indicated by lengths 204 and coloured patches (Fig 4a) . The MSS4 strain carried the highest number of predicted IS 205 elements (n = 44) encompassing six "IS-types" (excluding ISMyma4 and ISMyma11). Of 206 these, 11 copies were classified as ISMyma2 and 18 as ISMyma7. Moreover, the ISMyma4 207 type was only detected in the M, DE4576 and Davis1 strains while only two strains (EU 208 and E11) carry ISMyma11. Our result also suggested that ISMyma6 and ISMyma7 are the 209 dominant types in the cluster II strains. Remarkably, comparing 1218R with DE4381 (also 210 designated 1218S, which was isolated as a smooth colony variant of 1218R; Small PLC, 211 personal communication), revealed that DE4381 has a higher number of as well as 212 different IS elements than 1218R. Interestingly, both 1218R and 1218S passage strains 213 were likely derived from a common ancestor (TMC1218, Table 1), these results in turn, 214
suggest that a number of IS elements from TMC1218 were lost during passage of 1218R 215 when compared to 1218S. 216 We also compared the genome-wide distribution of the predicted IS elements in the 217 complete M, CCUG and 1218R genomes. The mapping of predicted IS elements along 218 with whole genome alignment of the three-complete genomes revealed that many 219 divergence regions in the genomes are adjacent to the predicted IS elements ( Fig S2) . 220
221

Comparative analysis of the gene content: core and auxiliary genes 222
Overall, the gene content across the different strains is highly conserved with respect to 223 gene synteny and percentage identity. However, several gene clusters present in the M 224 strain are absent in most of the other strains. The numbers of unique genes in the M strain 225 is 277. Of these, 145 (55%) were annotated as hypothetical proteins. These genes are 226 organized in clusters/regions encompassing 9 to 51 genes, and the majority of these are 227 localized in the 3.7 -4.9 Mb region (Figs 1b and Table S2 ). Within these regions in the M 228 strain genome, we identified 14 transposase and 19 integrase genes, which raises the 229 possibility that genes within these regions are "readily" mobilized. The unique regions in 230 the M genome also overlap with different phage sequences that add to the diversification of 231 these regions. Furthermore, the presence of prophage sequences raises the possibility that 232 expression of genes within this region(s) is regulated in response to genome 233 rearrangements of prophages, referred to as active lysogeny (Feiner et al. 2015) . 234
Within the unique region near 3.7 Mb, the σ 2997 gene (MMAR_2997; σ 2997 ) was predicted 235 to be present only in the M and NCTC2275 strains [Figs 1 and S3; σ 2997 is expressed and 236 functional (Pettersson et al., 2015; unpublished) ]. Since the σ 2997 gene is missing in the 237 other Mma genomes, it is plausible that it was present in the ancestor but was lost during 238 evolution in the majority of the Mma strains. 239
Many mycobacteria have two potassium (K + )-uptake systems, the trk-and kdp-system 240 (Cholo et al. 2008 ) and all 19 Mma strains were predicted to have genes encoding for the 241 trk-system (Table S3 ). Within one of the unique gene clusters in the M genome we 242 identified the kdp-system genes, kdpABCDEF. This gene cluster is absent in all the other 243
Mma genomes as well as in M. ulcerans. This shows that the kdp-system is dispensible for 244 growth in vivo. It has also been reported that inactivation of the kdp-system in Mtb 245 increases its virulence (Parish et al. 2003) . Whether this also applies to Mma warrants 246 further studies. 247
Core genes constitute the backbone of the genomes, while non-core genes have an impact 248 on the phenotypic variation among different strains. The non-core genes were extracted 249 and plotted in Fig S3b. Of these, 142 genes were predicted to be present in all Mma 250 genomes with the exception of BB170200 and DL240490. The predicted number of unique 251 non-core genes varies from 26 (CCUG) to 345 (VIMS) ( Fig S3c; Supplementary Table  252 S3). More than 50% of the unique genes in the different genomes were annotated as 253 hypothetical proteins. For many genes, we detected variation in copy numbers comparing 254 the different strains. For example, for genes encoding the dimodular nonribosomal peptide 255 synthase, the tyrosine recombinase (XerD), a few ESX proteins, integrases and 256 transposases. We cannot exclude that some of the genes identified as unique for the 14 257 draft genomes may be false positives due to the absence of reads in the corresponding loci. 258 259
Duplication of esxA and esxB 260
The type VII secretion system was discovered in mycobacteria and ESX-1 genes are 261 major virulence factors for both Mtb and Mma (Stinear et al. 2008; Houben et al. 2014; 262 Unnikrishnan et al. 2017) . As reported for the M strain, all Mma strain carry a partial 263 duplication of ESX-1 (the homolog to the prototypical ESX-1 in Mtb) gene cluster, 264 resulting in more than one copy of several genes including esxA/ ESAT6 and esxB/ CFP10 265 (Figs 4b, . Interestingly, for the 1218R variant DE4381 (see above), genes 266 positioned upstream of esxB in the ESX-1 region have been lost ( Fig S4a) but homologues 267 for some of these genes are present in the duplicated ESX-1 region (referred to as ESX-6; 268 Fig S4b; Stinear et al. 2008) . Noteworthy, the ESX-1 esxB is missing in the Europe and 269 DSM43518 strains, while truncated esxB variants are present in MSS2, Davis and DE4576, 270 resulting in shorter protein sequences ( Fig S5a) . The esxB homolog, esxB1, in the ESX-6 271 region in the Europe strain is also missing, while it is present in DE4576 but not in MSS2 272 and Davis1, which might be due to that they are draft genomes. Hence, for DE4576 the 273 loss of esxB could be functionally complemented by esxB1 since esxB and esxB1 are 274 sequentially identical ( Fig S5a, b ; see also below). Moreover, esxA was predicted to be 275 present in all the Mma strains (Figs 4b and S4a). For cluster-II members the esxA sequence 276 is highly conserved with no sequence variation, while for strains belonging to cluster-I it 277 varies at several positions ( Fig S5a) . It therefore appears that while the ESX-1 esxB gene is 278 dispensable this is not the case for esxA. 279
Comparing the different Mma strains the ESX-6 region appears to be more variable than 280 b) . In addition to the predicted homologs of esxB and esxA, esxB1 281 and esxA1, we identified the presence of one esxB paralog, esxB2, and two esxA paralogs, 282 esxA2 and esxA3. The esxB2, esxA2 and esxA3 were predicted to be present in all Mma 283 strains with few exceptions, DE4576, KST214 and E11 in the case of esxB2 (Fig 4c) . 284
EsxB2 is highly conserved and show 54% sequence identity compared to EsxB and EsxB1 285 ( Fig S5) . Comparing EsxA and EsxA1 revealed roughly 90% sequence identity, and 286 interestingly, E11 EsxA1 is identical to EsxA1 present in the M strain ( Fig S5b) . This is in 287 contrast to EsxA (see above) and might possible be due to gene transfer and homologous 288 recombination. On the other hand, the sequences of the EsxA paralogs, EsxA2 and EsxA3, 289 are almost identical across the different strains. However, variation for NCTC and MSS4, 290 where only one paralog was predicted, might be due to that the genomes being draft 291 genomes. As in the case of EsxB2, comparing EsxA2 and EsxA3 with EsxA and EsxA1 292 revealed lower sequence identities (40-45%) than EsxA and EsxA1 (≈90% sequence 293 identity; Fig S5) . Notably, genes within the Mycobacterium smegmatis ESX-1 region that 294 influence mating identity have been implicated as having a role for mycobacterial 295 conjugation (Derbyshire and Gray, 2014) . However, these genes are not present in the 296 Mma or Mtb H37Rv ESX-1 regions (Figs 4b and S4a) . 297
Together, these analyses suggest that the duplication of ESX-1 is present in all Mma 298 strains and was likely present in the Mma ancestor. Furthermore, it appears that the esxB 299 and esxA genes of the ESX-1 region underwent a second duplication event during 300 evolution to yield an additional ESX region ESX-6 (Figs 4b and S4a; Stinear et al. 2008; 301 Tobias et al. 2013; Kennedy et al. 2014; see discussion) . 302 303
Identification of SNVs and mutational hotspots in M. marinum strains 304
Single nucleotide variations (SNVs) were predicted for all the genomes with the M strain 305 as reference using the program MUMmer (Delcher et al. 1999) . For cluster-I members, the 306 number of SNVs ranged between 45000 and 56000, while for cluster-II members it is 307 significantly higher, between 70000 and 89000 ( Fig 5a) . This is consistent with the 308 proposal that the Mma strains can be divided into two clusters (see above). 309
Next, we identified the mutational hotspots in the Mma genomes according to Das et al. 310 (2012) . Mutational hotspots are genomic regions where the SNV frequencies are much 311 higher relative to the background. One hundred seventy six mutational hotspots were 312 identified in the Mma genomes, which corresponds to a frequency of 26.5/Mb (Fig 5b, c) . 313
A similar analysis of 20 Mtb isolates suggested only 45 mutational hotspots corresponding 314 to 10/Mb (Das et al. 2012; Fig 5c) . We therefore determined the hotspot frequencies for 315 three other mycobacteria, M. avium subsp. paratuberculosis (MAP), M. bovis (Mbo) and 316 M. phlei (Mph), for which genomic data for several strains are available (see Methods). 317
This analysis revealed that Mma carries a higher number of hotspots also compared to 318 these mycobacteria (Figs 5c and S6a-c). Moreover, analysing the two Mma clusters 319 separately indicated that the number of mutational hotspots in cluster-I strains is 180, while 320 cluster-II strains have 253 hotspots. However, the average number of SNVs per genomic 321 regions is higher in cluster-I (≈18) than in cluster-II (≈8) consistent with higher divergence 322 among cluster-I members compared to cluster-II members (Fig S7a, b) . 323
Considering all 19 Mma strains, 621 genes map in the hotspot regions. Of these, 300 were 324 annotated as hypothetical genes. The remaining 321 genes were classified into different 325 subsystem categories (Fig 5d) , and >20% were predicted to belong to the category "Fatty 326 Acids, Lipids and Isoprenoids". Since Mma strains occupy widely different ecological 327 niches this would be consistent with an evolutionary pressure on genes involved in 328 building the outer boundaries. 329 330
Phylogenetic analysis 331
To understand the phylogenetic relationship between the Mma strains, we generated 332 phylogenetic trees based on the 16S rRNA genes using the neighbour-join method with 333 1000 cycles of bootstrapping. This tree displays three main branches. However, it could 334 not discriminate between closely related strains (Fig 6a) . In addition, the 16S rDNA tree is 335 not very robust since many branches have low or zero bootstrap values. 336
We previously reported the use of core genes to generate robust phylogenetic trees for 337 other mycobacteria (Das et al., 2015; . Hence, we used the 4300 core genes (see (Qi et al. 2009; Wang et al. 2015; Doig et al. 2012) . 348
Finally, we generated a tree based on the SNVs identified in the Mma strains, M. ulcerans 349 and M. liflandii (see above and Methods). The resulting tree corroborated the core gene-350 based phylogeny and clustering of ANI values with few exceptions at the leaf levels ( Fig  351   6d ). In agreement with the 2297 core gene tree (Fig 6c) the SNV-based tree suggests that 352 strains belonging to cluster-I are more closely related to M. ulcerans and M. liflandii than 353 cluster-II members (Fig 6d) . 354
In conclusion, the "M strain lineage" (or M-lineage; cluster-I) members cluster together 355 with M. ulcerans and M. liflandii and separated from cluster-II (referred to as the 356 "Aronson-lineage") members. This suggests that members of these two lineages should be 357 classified as two separate mycobacterial species, or at least subspecies. Notably, strains of 358 the "Aronson-lineage" ( Table 1 , and marked with an * in the figures) that originate from 359 the originally isolated Mma strain (Aronson 1926 ) have diverged, presumably as a result of 360 handling in different laboratories (see discussion). 361 362 Discussion 363
To trace the evolutionary history and relationships among organisms, the 16S rRNA gene 364 has served as an important biomarker. Specifically it has been useful in providing a reliable 365 phylogenetic tree for bacteria. However, now we have access to large number of bacterial 366 genomes and whole genome comparison can be used to reveal more detailed and better-367 resolved evolutionary relationships among bacterial species and strains considered 368 phylogenetically unique on the basis of 16S rRNA gene comparison. Consequently, this 369 has expanded the repertoire of genes that can be used to study the evolutionary 370 relationships among bacteria and that have had an impact on their evolution, diversity and 371 use as biotechnological vehicles and documenting the microbial biosphere. Phylogeny 372 based on multiple genes and genomic information have generated more robust trees and in 373 many cases also provided evidence that known species should be considered as separate 374 species or subspecies of known bacteria (Devulder et al. 2005; Das et al. 2015; Loman and 375 Pallen 2015) . 376
We present the genome sequences for 15 Mma isolates including the complete genomes 377 of two type strains CCUG20998 and 1218R, both derivatives of the original Mma strain 378 isolated by Aronson (1926) . Our comparative genomic studies, ANI analysis and 379 phylogenetic trees based on core genes and SNVs, covering 19 Mma genomes suggested 380 that the Mma strains cluster in two distinct branches, cluster-I and -II. Cluster-I 381 encompasses six strains including the M strain, while the remaining 13 strains constitute 382 cluster-II. In cluster-II we find derivatives of the originally isolated Mma strain, e.g., the 383 CCUG20998 and 1218R strains. Including M. ulcerans and M. liflandii revealed that the 384 "M-lineage" (cluster-I) members are their closest neighbours while " (cluster-II) strains are more distantly related. On the basis of these findings, we propose 386 that these two branches should be considered as two species or at least two separate Mma 387 subspecies. We suggest that the "Aronson-lineage" should be named M. marinum 388 alternatively M. marinum subsp. Aronson and the "M-lineage" Mycobacterium moffett 389 alternatively M. marinum subsp. M (M. moffett since it was first isolated at the Moffett 390
Hospital, Universtity of California, San Francisco; Stinear et al. 2008) . To distinguish the 391 current "Aronson-" and "M-" strains and for strain identification we further suggest 392 including the name of the strain, e.g., M. marinum strain 1218R alternatively M. marinum 393 subsp. Aronson strain 1218R. Moreover, since available data indicate that M. ulcerans 394 evolved from Mma (Käser et al. 2007; Doig et al. 2012) , our findings indicate that its 395 nearest ancestor belonged to the "M-lineage". In this context, we note that the plasmid 396 fragments present in BB170200 and DL240490, referred to as pMUM003 (Pidot et al. 397 2008) , are highly similar compared to the pMUM001 plasmid present in M. ulcerans 398 AY99 (Käser et al. 2007 ), while plasmids (or plasmid fragments) detected in cluster-II 399 members are different. In addition, plasmid type (I) is only present in strains belonging to 400 the " Interestingly, MB2, Europe and DE4576, which all lack plasmids, were isolated as wild 402 outbreak strains in fish; in particular, DE4576 has been shown to be a highly virulent 403 outbreak strain in medaka and zebrafish models (Ennis and Shirreff unpublished), which 404 indicates that plasmids did not play a critical role for virulence for these strains. Moreover, 405 the two Mma strains BB170200 and DL240490 were reported to be hyper-virulent due to 406 the production of the mycolactone F toxins i.e., presence of the pMUM003 plasmids (Ucko 407 2005) . Both these mycolactone F producing strains conferred only moderate virulence 408 when compared to the 1218R strain in a controlled infection medaka model (Mosi et al. 409 2012) . In summary, it therefore appears that there is no clear correlation between the 410 presence of plasmid carried in the Mma strains studied in this report and virulence in 411 animals; however, 1218R carries a Type I plasmid, while strain DE4381 (a related 412 "smooth" passage variant also called 1218S; see below) has apparently lost this plasmid 413 and may be a product of plasmid segregation. Hence, more detailed genetic and molecular 414 analyses would be required to better document the role that specific plasmids may play in 415 virulence. 416
The average number of SNVs per region was found to be higher (18.4 vs 7.9; Fig 5c) in 417 members of the "M-lineage" compared to "Aronson-lineage" members. Our data also 418 showed that the "Aronson-lineage" strains CCUG and 1218R (both complete genomes) 419 have two rRNA operons, while the M strain has one (see below; Stinear et al. 2008) . Based 420 on that, we predict the presence of two 5S rRNA genes in all the cluster-II draft genomes 421 (one for cluster-I draft genomes) and we assume that all strains in the "Aronson-lineage" 422 carry two rRNA operons. Moreover, as for other bacteria, the Mma pan-genome is open 423 (B pan = 0.47; Fig 3a; see also e.g., Lefébure and Stanhope 2007; Lukjancenko et al. 2010; 424 Jacobsen et al. 2011; Gordienko et al. 2013; Vernikos et al. 2015) . Its size amounts to 8725 425 genes. Of these, roughly 50% constitute the core genome. However, comparing the pan-426 and core-genomes of the "M-" and "Aronson-" lineages revealed that the pan-genome for 427 the "M-lineage" is larger, while its core-genome is smaller (Fig 3c) . It should be noted that 428 the pan-and core-genome sizes vary for individual species within the Streptococcus genus 429 (Lefébure and Stanhope 2007) . Taken together, these findings suggest that the "M-lineage" 430 members show higher diversity compared to members belonging to the " As such, support the notion that the two lineages should be considered as separate species 432 (or subspecies). 433
It has previously been reported that mutational hotspots in Mtb, expressed as SNVs per 434 genome size (Mb), cluster in certain genomic regions (Das et al. 2012) . We provide data 435 that the number of mutational hotspots is significantly higher for the 19 Mma strains 436 compared to other mycobacteria (Mtb, MAP, Mbo and Mph; Fig 4c) . A major fraction of 437 these hotspots were mapped to genes involved in fatty acid, lipid and isoprenoid 438 metabolism. Many of these genes play important roles in building and altering the outer 439 boundaries in response to environmental changes, consistent with that Mma inhabits 440 different ecological niches. In this context, we note that two strains (MSS2 and MSS4) 441 belonging to different lineages, MMS2 was isolated from an infected fish cultivated from a 442 striped bass aquaculture facility and MMS4 from a patient working at the same fish farm 443 (Ostland et al. 2008) . This suggests that the two strains occupy the same ecological niche. 444
One expectation would be that the same strain causing disease in the fish would also be the 445 one infecting the human. However, our genomic analysis showed that this was not the 446 case. Rather, this might be related to different strains having a selective advantage for 447 infecting different hosts. Alternatively, this finding could be random and insignificant. 448
The sole rRNA operon (rrnA) in the M strain is located downstream of murA and 449 upstream of the apt gene (coding for O 6 -alkylguanine DNA alkyltransferase). In general, 450 rapidly growing mycobacteria harbour two rRNA operons, rrnA and rrnB, and these are 451 located downstream of the murA and tyrS genes, respectively (Menendez et al. 2002) . 452
However, rrnA and rrnB in the cluster-II members are located next to each other separated 453 by a duplicated copy of the apt gene (Fig 1b) . This suggests that the presence of two rrn 454 genes in cluster-II members likely is the result of a duplication event. Since the closest 455 neighbours of Mma, i.e. Mtb, Mycobacterium kansasii and Mycobacterium gastri, are 456 equipped with one rRNA operon it is likely that the duplication occurred after the "M-" and 457 "Aronson-" lineages diverged. However, we cannot exclude that their ancestor had two 458 rRNA operons and that one was lost after the two lineages diverged. In this context, we 459 note that the M and CCUG strains grow with similar rates in 7H10 media (Ramesh, 460 unpublished) consistent with that the number of rRNA operons does not affect the growth 461 rate (see e.g. Gonzalez-Y-Merchand et al. 1998; 1999; Menédez et al. 2005) . 462 IS elements have a key role in generating diversity among bacteria. As such, IS elements 463 can be used as biomarkers for strain identification, epidemiological tracking and predicting 464 spread of antibiotic resistance (Eisenach 1994; Gunisha et al. 2001; Warren et al. 2009). 465 We identified the presence of eight known IS elements (ISMyma1-7, 11) in all 19 Mma 466 strains. Their distribution and copy number varied among the different strains with MSS4 467 having the highest number, 44 IS elements (Fig 4) . Hence, these data open up for the 468 development of strain specific Mma probes for use in clinical settings that relate to, e.g., 469
fisheries and aquariums. For example, using probes to determine whether an infection is 470 caused by MSS2 or MSS4 (see above). In this context, we note that more than four 471
ISMyma3 copies are present in the M and MSS4 strains, which were both originally 472 isolated from human patients. 473
Of specific interest is the ESX-1 region and in this context the variants, 1218S and 474 1218R, which are passage variants derived from the TMC1218 lineage (Table 1) . We have 475 studied the properties of the DE4381 ("1218S") smooth colony variant, and our data 476 showed that it only conferred a modest (≈ten-fold) reduction of virulence when compared 477 to the rough colony variant 1218R using the established Japanese medaka infection model 478 system (Broussard and Ennis, 2007; Ennis and Cheramie, unpublished) . The DE4381 strain 479 carries a deletion encompassing ten genes within the ESX-1 interval, including the loss of 480 esxB and nine other well-defined ESX-1 genes ( Fig S4a) . The loss of one of these genes, 481 eccA1 (which corresponds to Rv3868 in MtbH37Rv), has been reported to confer large 482 pleiotropic effects on virulence (Gao et al. 2004 ). In keeping with this, a Mma ΔeccA1 483 mutant strain displays a substantial reduction (>1000-fold) in spread and colonization upon 484 infection of Japanese medaka (Mallick and Ennis, unpublished). We are therefore 485 endeavouring to better characterize these unexpected subtle effects on virulence that was 486 conferred by this ten-gene deletion and this may suggest that the DE4381 (1218S) strain 487 carry suppressor mutations for virulence. We expect that by comparing other smaller 488 rearrangements and mutational changes between the 1218R and DE4381 (1218S) strains, 489 and differences in transcriptional profiles, will gain insights into the compensational 490 mutations that presumably result in this partial suppression of virulence associated with the 491 DE4381 strain. In this context we also note that absence of ESX-1 genes have been 492 discussed to be associated with changes in colony morphologies such as exhibition of 493 smooth or rough colony morphology (Bosserman and Champion 2017) . 494
To conclude, our study provides insight into the diversity of Mma strains. Several factors 495 contribute to this diversity, such as the presence of phage and IS elements as well as 496 plasmids. The diversity is also expressed in terms of higher numbers of mutational hot 497 spots compared to other mycobacteria. Together this emphasises that the M. ulcerans-M. 498 marinum complex, MuMC, constitute a group of bacteria to identify factors and study their 499 importance for bacterial evolution (see Röltgen et al. 2012) . 500
501
Methods 502
Strain information and cultivation 503
Information about the Mma strains is compiled in Table 1 . DSM44344, DSM43518 and 504 DSM43519 were purchased from DSMZ (Deutsche Sammlung von Mikroorganismen und 505 Zellkulturen GmbH). MSS2 was isolated from Hybrid striped bass during an outbreak in 506
Mississippi, USA in an aquaculture facility, and MSS4 from a lesion of a human patient 507 who worked in this facility. VIMS9 was isolated from wild striped bass in Virginia, USA 508 and Davis from farmed striped bass in Davis, California, USA. The different strains were 509 cultivated as described elsewhere (Das et al. 2015; . 510
511
DNA sequencing and assembly 512
Complete genomes of the Mma type strains, CCUG20998 and 1218R were sequenced 513 using PacBio technology. The remaining 13 strains were sequenced on HiSeq2000 514 (Illumina platforms) at the SNP@SEQ Technology Platform, Uppsala University. 515
Genomic DNA was isolated and prepared for sequencing as described elsewhere (Das et al. 516 2015; . 517
PacBio sequencing reads with an average length more than 10,747 bp and read depth of 518 around 100x were assembled using the SMRT-analysis HGAP3 assembly pipeline (Chin et 519 al. 2013), polished using Quiver (Pacific Biosciences, Menlo Park, CA, USA) and 520 generated single scaffolds for CCUG20998 and 1218R. 521
For the Illumina sequencing reads, a total of 12 million short reads was generated for 522 each strain with an average read length of 100 nucleotides (Table 1) . Filtering of the short 523 reads was done to remove low quality reads and ambiguous bases. De novo assembly of 524 the short reads was done using the A5 assembly pipeline (version 1.05; Tritt et al. 2012) . 525
Final genomes consist of contigs of more than 200 bases. Scaffolds were re-ordered using 526 MAUVE with the CCUG20998 genome as reference. 527 528
Genome Annotations 529
All the genomes, including the available M, Europe, E11 and MB2 genomes, were 530 annotated using the Prokka pipeline (Seemann 2014) , which uses Prodigal (Hyatt et al. 531 2010) to predict coding sequences (CDS). tRNA and rRNA genes were predicted by 532
Aragorn (Laslett and Canback 2004) and RNAmmer (Lagesen et al. 2007 ). Annotated 533 genes were functionally classified using the RAST Subsystem (Aziz et al. 2008) . Prediction of IS elements 542 IS elements were predicted for the complete genomes using the ISsaga server (Varani et 543 al. 2011) . All the predicted IS elements were used as reference to identify IS elements in 544 the draft genomes using ISmapper (Hawkey et al. 2015) . ISmapper uses raw reads and 545 reference IS elements and predicts possible positions of the reference IS elements in the 546 genome enquired. 547 548
Identification of orthologous genes 549
Homologous coding sequences were identified using an all-versus-all BLAST search of 550 the protein sequences from all 19 strains. Orthologous genes were predicted using PanOCT 551 (v3.23) from the BLAST output. PanOCT follows two criteria to consider a gene as 552 orthologous, sequence homology and gene synteny. All necessary PanOCT input files were 553 generated using in-house shell scripts, and PanOCT was executed to detect the genomic 554 differences based on coding regions. 555 556
Identification of SNVs and mutational hotspots 557
Whole genome alignments were performed in a pairwise manner using MUMmer 558 (Delcher et al. 1999) . SNVs were identified using the "show-snps" program of the 559 MUMmer package. Single nucleotide insertions/deletions were filtered out, and only SNVs 560 were used for further analysis. Mutational hotspots were identified using Shewhart Control 561 Chart, as described by Das et al. (2012) . Briefly, the genome of the M strain was divided 562 into non-overlapping windows of 2000 bases and the average number of SNVs in each of 563 the windows was determined. The average SNV values were subsequently used in 564 Shewhart Control Chart for the prediction of hotspots. Mutational hotspots were identified 565 for Mma (n = 19), Mbo (n = 28), Mph (n = 5), and MAP (n = 23). Mutational hotspots for 566 cluster-I and cluster-II were identified separately using the genome sequences of the M and 567 CCUG strains as references for cluster-I and cluster-II, respectively, and follow the 568 The percentage values in the nodes represent bootstrap values generated by 1000 cycles. 832
Lab and passage variants derived from the TMC1218 strain (Table 1) Stinear et al. (2008) . Comparing the two annotations revealed that the 872 original EspI/RVBD_3876 gene is annotated as two genes as predicted to be the case in the 873 
